Phosphorus (P) limits primary production in regions of the surface ocean, and many 20 plankton species exhibit specific physiological responses to P-deficiency. The metabolic 21 response of Micromonas pusilla, an ecologically relevant marine photoautotroph, to P-22 deficiency was investigated using environmental metabolomics and comparative 23 genomics. The concentrations of some intracellular metabolites were elevated in the P-24 deficient cells (e.g., xanthine) and genes involved in the associated metabolic pathways 25 shared a significant motif in the non-coding regions of the gene. The presence of the 26 conserved motif suggests that these genes may be co-regulated, and the motif may 27 constitute a regulatory element for binding a transcription factor (i.e., Psr1). A putative 28 phosphate starvation response gene (psr1-like) was identified in M. pusilla with 29 homology to well characterized psr1/phr1 genes in freshwater algae and plants. This gene 30 appears to be present and expressed in other marine algal taxa, such as the abundant 31 haptophyte Emiliania huxleyi, in chronically phosphorus-limited field sites. Results from 32 the present study have implications for our understanding of taxon-specific roles in 33 mediating P cycling in the ocean. 34 35 Key words: Micromonas pusilla, phosphate stress response, marine algae, metabolomics, 36 dissolved organic matter 37 42 are low in most of the surface ocean (<1 µM; ref. 1) thereby limiting phytoplankton 43 productivity (2). 44 Marine microbes respond to chronic P-deficiency by investing resources in 45 organic and inorganic P uptake (3-7), remodeling cellular metabolism and structures (8-46 13), and storing P (14,15). Different mechanisms for enacting these responses have 47 evolved in widely distributed and often sympatric microbial taxa. For example, within the 48 diatom, Phaeodactylum tricornutum, proteomics indicated broadly depressed metabolic 49 activity as a response to P-starvation, with down-regulated energy metabolism, amino 50 acid metabolism, nucleic acid metabolism, and photosynthesis, and up-regulated protein 51 degradation, lipid accumulation, and photorespiration (16). In contrast, the 52 prymnesiophytes Prymnesium parvum and Emiliania huxleyi, and the dinoflagellates 53 Prorocentrum donghaiense and Amphidinium carterae, maintained energy-generating 54 processes (i.e., photosynthesis) and carbon fixation in response to P-deficiency (17-20). 55 Interestingly, P. donghaiense increased nitrate assimilation under P-deficiency (20), 56
Introduction 38 39 Phosphorus (P) is found in lipid membranes, genetic material, and energy storage 40 compounds, making it a critical element for life. Because most marine microorganisms 41 preferentially take up P as inorganic phosphate (PO 4 3-), concentrations of dissolved PO 4 3-Here, we investigate the impact of P-deficiency on the physiology of the 85 ecologically relevant picoeukaryote, Micromonas pusilla CCMP1545. Many metabolites 86 are produced by metabolic pathways under genetic regulatory control; thus, our combined 87 metabolomics and genomics approach provides mechanistic insight into the physiological 88 response of the organism to P-deficiency (e.g., 38, 39) and its underlying genetic 89 regulation. We used a targeted metabolomics approach to analyze the suite of molecules 90 produced by M. pusilla within the cells and in the external medium. In combination, we 91 employed a comparative genetics approach to identify 1) a psr1-like gene in M. pusilla 92 and other abundant marine phytoplankton species and 2) a potential regulatory element 93 that may be the DNA-binding site of the Psr1-like protein in putatively P-responsive 94 genes. We found evidence for the expression of psr1-like genes in M. pusilla and other 95 marine algae under P-deficient conditions in cultures and in the field (i.e., Tara Oceans 96 metatranscriptomes). These results have implications for better understanding and 97 predicting the metabolic response of diverse phytoplankton groups to P-deficiency. 98 99
Materials and Methods 100
Culture of Micromonas pusilla CCMP 1545 101
All glassware was acid-cleaned and combusted at 450°C for at least 4 h. We grew 102 an axenic culture of Micromonas pusilla CCMP1545 from the National Center for 103 Marine Algae and Microbiota (Boothbay, ME, USA) in L1-Si media 104 (https://ncma.bigelow.org/algal-recipes) with 0.2-μm filtered (Omnipore filters; Millipore, 105 MA, USA) autoclaved seawater from Vineyard Sound (MA, USA). We maintained the 106 cultures at 22ºC under a 12:12 light:dark regime (84 μ mol m -2 s -1 ). After at least three 107 generations, we split the culture into two parallel cultures of L1-Si media amended with 108 (a) 36 μ M phosphate (P-replete) and (b) 0.4 μ M phosphate (P-deficient). We completed 109 three transfers of these parallel cultures prior to this experiment (Fig S1 a,b ). For each 110 media type, we inoculated 9 flasks of media with exponential-phase cells to achieve 320 111 ml and ~300,000 cells in each flask (33 ml P-replete; 37 ml P-deficient), with three cell-112 free control flasks. We grew cultures for two weeks (Fig S2a, b , c) and removed samples 113 approximately 1 hr into the light cycle at the time of experimental setup (T 0 ; day 0), in 114 rapid growth phase (T 1 ; day 4 P-deficient; day 6 P-replete), and in stationary phase (T 2 ; 115 day 5 P-deficient; day 13 P-replete). 116
At each sampling point, we removed 1 ml for cell counts and chlorophyll 117 fluorescence, 30 ml for total organic carbon (TOC; Methods S1), and 20 ml of filtrate 118 (see below) for nutrients. We monitored cell abundance daily by flow cytometry (Guava, 119 Millipore) and assessed photosystem II efficiency by measuring the variable and 120 maximum chlorophyll fluorescence (F v /F m ) using fluorescence induction and relaxation 121 (FIRe; Satlantic LP, Halifax, Cananda). We used chlorophyll a (692 nm) and side scatter 122 of M. pusilla cultures to optimize settings for flow cytometry analysis. We assessed 123 potential bacterial contamination by viewing DAPI-stained cells of each time point 124 (Methods S1). 125
Metabolite extraction and instrument methods 126
We processed cultures for intracellular and extracellular metabolite extraction as 127 described previously (ref. 40; Methods S1). For intracellular metabolites, we collected 128 cells via filtration on 0.2 μ m PTFE filters (Omnipore, Millipore) and stored them at -80°C. 129
Metabolites were extracted in 500 μ l of cold 40:40:20 acetonitrile:methanol:water with 130 0.1 M formic acid. Extracts were reduced to near dryness under vacuum centrifugation 131 and reconstituted in 500 μ l of 95:5 MilliQ water: acetonitrile with deuterated biotin (final 132 concentration 0.05 μ g ml -1 ) added as a high-performance liquid chromatography (HPLC) 133 injection standard; 100 μ l of the extract was used for targeted metabolomics analysis. We 134 extracted extracellular metabolites using solid phase extraction (SPE) with 1 g/6 cc PPL 135 cartridges (BondElut, Agilent, Santa Clara, CA, USA) as described previously (41) selected based on metabolites that were elevated or depressed in concentration in the P-168 deficient cultures although not necessarily statistically different between treatments (i.e., 169 malate, several amino acids, vitamins, Fig 2) and gene expression information from 170 Bachy et al. (29) . These included genes related to central carbon metabolism, lipid 171 metabolism, vitamin metabolism (pantothenic acid, folic acid), and nucleotide 172 metabolism (aspartic acid). We also included genes within the carbohydrate and lipid 173 metabolic pathways based on published work (49, 50) as well as the gene for proline 174 oxidase (POX), a key enzyme up-regulated in E. huxleyi in response to N-and P-175 deficiency (19, 51). After initial motif discovery, we optimized our putative motif by 176 varying discovery parameters such as motif width and number within genes of interest 177 and within genes that were not expected to be regulated in response to P-deficiency, 178
including asparagine synthetase (JGI gene ID: 9681548) and acetyltransferase like/FAD 179 linked oxidase (9687568)). We attempted to identify motifs using the motif comparison 180 tool (Tomtom; ref. 52) against the A. thaliana database (Protein Binding Microarray 181 (PBM) motifs, (36)) and significant matches were used to guide the optimization of motif 182 discovery settings and inclusive sequences. 183
Using the selected sequences and optimized parameters, we searched for motifs 184 that are overrepresented in the query sequences ("positive") relative to a set of 185 background sequences ("negative"), the latter we defined using the genome scaffolds. were most abundant during rapid growth (T 1 ) under P-deficiency, including nucleobases, 211 amino acids, carbohydrates, and vitamins (Fig 1) . Only a few intracellular metabolites 212 showed significantly different concentrations between treatments: (a) the nucleobase 213 xanthine, which was significantly elevated under P-deficiency (t-test, p = 0.01), and (b) 214 the amino acid derivatives, N-acetylglutamate and tryptamine, which were significantly 215 higher in P-replete samples (t-test, p = 0.01, p = 0.02, respectively) ( Fig 1) . We observed 216 significant decreases in the intracellular ratio of purine nucleosides to their nucleobases 217 under P-deficiency at T 1 (Fig 2) . Intracellular malate, succinate, and citrate exhibited 218 divergent responses, although their abundances were not significantly different between 219 treatments (Fig 1) . Malate was more abundant in the P-deficient cells, while succinate 220 concentrations were similar between treatments and replicates and citrate was detected in 221 only one of three replicates in each treatment (Fig 1) . We noted similarly varied 222 responses to P-deficiency in the purine nucleosides xanthosine and inosine, with invariant 223 xanthosine abundances but higher average concentrations and variability of inosine ( Fig  224   1 ). 225
Metabolite concentrations are, in part, determined by genetic regulation of the 226 enzymes producing or degrading them and we hypothesized that the varied metabolite 227 responses could provide insight into the regulation of these genes. The description of a 228 phosphate starvation response (psr1) gene containing a myb DNA-binding domain, led us 229 to investigate the presence of psr1, and a myb-like motif in genes that could be regulated 230 by the psr1 gene product in M. pusilla and other marine algae. 231
Characterization of the phosphate starvation response (psr1) gene in marine algae 232
We found four statistically-significant sequences (Table 2) in response to 233 querying the now-archived M. pusilla CCMP1545 genome with the psr1 gene from C. 234 reinhardtii (strain cc125, NCBI accession AF174532). Only one of these sequences (JGI 235 ID 61323) had the two characteristic myb domains of the psr1 gene in C. reinhardtii 236 (myb-like DNA-binding domain, SHAQKYF class (TIGR01557) and myb predicted 237 coiled-coil type transfactor, LHEQLE motif (pfam PF14379)) ( Fig 3a) . The glutamine-238 rich regions, characteristic of TF activation domains, and putative metal binding domain 239 originally described for psr1 in C. reinhardtii (33) were not detected in the putative M. 240 pusilla psr1 gene, thus we refer to this as a psr1-like gene. Conserved domain analysis 241 (54) revealed two other domains in the putative psr1-like-derived amino acid sequence 242 from M. pusilla: 1) PLN03162 super family (NCBI cl26028), a provisional golden-2 like 243 transcription factor, and 2) a DUF390 super family domain (NCBI cl25642), comprising 244 proteins of unknown function. 245
We identified putative psr1-like genes or transcripts in field datasets (Fig 3b, 4 , 5, 246 Table S2 ), representing diverse taxa such as Dinophyta (e.g., the symbiotic clade C 247 Symbiodinium sp.), and Haptophyta (e.g., the coccolithophore E. huxleyi). These 248 representative sequences did not necessarily cluster by taxonomic origin (e.g., cluster III, 249 Putative regulatory element in Micromonas pusilla genes of interest 264 MEME analysis yielded a significant motif in M. pusilla genes involved in central 265 carbon metabolism, lipid metabolism, and nucleotide metabolism ( Fig S4) . The 266 conserved motif is similar in nucleotide sequence to several TF-binding sites in A. 267 thaliana (Table S3 , Fig S5; 36) , including myb-like TF-binding motifs. Several iterations 268 of this analysis using genes not tied to the metabolites of interest yielded either no 269 significant motif or motif sequences lacking similarity to myb-like domains. We observed 270 a similar conserved motif in DE transcripts in M. pusilla CCMP1545 under P-deficiency 271 (29) ( Table 1 , Fig S4) . While the actual nucleotide sequence recognized by a TF must be 272 experimentally determined (36), the presence of a significant motif in each model and 273 only in the expected genes, indicates that this motif is likely biologically significant in M. 274 pusilla. Specifically, this motif, with similarity to myb-like domains in A. thaliana, may 275 represent a regulatory element where the Psr1-like protein binds. 276
Comparison of metabolomics-based predictions of P-responsive genes in M. pusilla 277
CCMP1545 to transcriptomics analysis 278
We queried the DE transcripts in M. pusilla CCMP1545 (29) and compared these to our 279 gene predictions based on our metabolomics data. As Bachy and colleagues (29) used a 280 more recent gene model than our original analysis, we confirmed the identity of the psr1-281 like gene in the updated gene model ( Fig S5) . We analyzed a similar set of genes in 282 search of a regulatory element where the Psr1-like TF might bind ( Fig S4) , including DE 283 genes in the P-deficient transcriptome relative to the replete (Table S1 from Comparison to Micromonas commoda RCC299 gene expression under P-deficiency 296
We queried the DE genes in M. commoda RCC299 (26) exposed to P-deficient 297 conditions (53) for the psr1-like gene as well as for genes that we expected to be 298 regulated by the Psr1-like TF based on our M. pusilla observations and the literature (e.g., 299
19, 55, 56). In M. commoda, the psr1-like gene (JGI gene ID: 60184) was significantly 300 up-regulated in the P-deficient treatment (Table S4) Most intracellular metabolites did not differ significantly in concentration 318 between treatments. Because these metabolites represent many central metabolic 319
pathways, it appears that M. pusilla does not respond to P-deficiency through a global 320 decrease in metabolic activity, as was observed for a diatom (16). Interestingly, we found 321 examples of functionally-related metabolites that behaved differently. For example, 322 glutamate, proline, and methionine were variable but higher on average under P-323 deficiency, while phenylalanine and tryptophan were not. In the TCA cycle, malate was 324 variable but higher in concentration on average under P-deficiency, while citrate was 325 lower and succinate was relatively unchanged. The opposing responses of these TCA 326
intermediates was surprising as others (e.g., 49, 57) have shown that transcripts or 327 proteins involved in the TCA cycle tend to exhibit a coordinated response to nutrient 328 limitation. Additional non-uniform metabolite responses occurred, with vitamins and 329 glucosamine-6-phosphate higher on average under P-deficiency, but other P-containing 330 compounds (e.g. glycerol-3-phosphate) and sugars were depleted. Previous work has 331 suggested that organisms placed under nutrient stress are capable of diverting carbon flux 332 between pathways (reviewed in 39). Changes in carbon flux through the cell could result 333 in coordinated abundance shifts in seemingly unrelated metabolites, as observed in this 334 study. If the shunting of carbon is a coordinated response within M. pusilla, then we 335 would expect genes involved in the synthesis and/or catabolism of these compounds to be 336 co-regulated, and potentially mediated by a specific transcription factor. 337
Presence and expression of psr1 in marine algae 338
We detected a putative psr1-like gene in the genome of M. pusilla and in the 339 genomes and transcriptomes of major algal lineages (e.g., prasinophytes, dinoflagellates). 340 A gene annotated as psr1 is present in Ostreococcus tauri (58), although to our 341 knowledge the potential role of this gene in the metabolism of O. tauri or other marine 342 algae has not been discussed. The M. pusilla psr1-like gene contains two myb domains 343 similar to those in psr1 from C. reinhardtii (33), and comparable to those in phr1 in A. 344 thaliana (34). No psr1-like gene was identified in queried diatom transcriptomes or 345 genomes, suggesting that a phosphate starvation response gene akin to psr1 is present in 346 diverse but phylogenetically constrained phytoplankton groups. 347
We found significant similarity between the M. pusilla psr1-like gene and 348 transcript sequences from the MMETSP and Tara Oceans datasets, indicating that this 349 gene is expressed by marine algae in situ. High-identity hits to sequences in the GOS and 350 domains, suggesting that they should be re-annotated as psr1-like genes. The GOS 358 sequences are likely derived from prasinophytes (i.e., Micromonas spp., Ostreococcus 359 spp.) and haptophytes (e.g., E. huxleyi), highlighting the need to elucidate the role of psr1 360 in these organisms. 361 362
Potential role of Psr1 in the marine algal response to P-deficiency 363
We observed a conserved and enriched motif that may function as a regulatory 364 element across genes involved in nucleotide biosynthesis, the TCA cycle and glycolysis, 365 carbon fixation, fatty acid metabolism, and phosphate transport or salvage. The conserved 366 motifs discovered in M. pusilla and M. commoda had unique sequences and were present 367 in a slightly different set of genes ( Fig 6) . The motif detected in M. pusilla is similar in 368 nucleotide sequence to a myb DNA-binding domain in A. thaliana. This similarity is 369 potentially significant, because the psr1/phr1 genes in C. reinhardtii and A. thaliana 370 contain a myb DNA-binding domain. Thus, we hypothesize that the conserved motif 371 detected in the Micromonas species represents binding sites for the Psr1-like transcription 372 factors (TF). 373
We observed the conserved motif only in DE genes under P-deficiency by each 374 species (29, 53), suggesting that these genes could be co-regulated. In bacteria, genes 375 within the well-characterized Pho-regulon, for example, all contain specific sequences 376 (the PHO box) where the transcription factor binds to activate or repress the gene (59). 377 Different bacterial species and strains contain distinct PHO box sequences. In M. 378 commoda, the discovered motif was not significantly similar to myb-like DNA-binding 379 motifs in A. thaliana and was not similar to the motif discovered in M. pusilla. This was 380 surprising at first, as we expected that the myb domain of the Psr1-like proteins in the 381 two species would interact with similar binding regions in the genome. However, psr1-382 like derived amino acid sequences from M. pusilla and M. commoda were only 47% 383 similar. TF protein sequences with up to 79% similarity have been shown to have distinct 384 DNA-binding motif profiles (36), so these two proteins could reasonably have distinct 385 DNA-binding motifs. Moreover, as the conserved motif was present in different sets of 386 genes in each Micromonas species, it is likely that the Psr1-like protein regulates 387 different genes in different taxa and may serve as a niche defining feature between these 388 taxa. The observed variability in the psr1-like gene and the associated binding motifs 389 may be an adaptation to distinct environments as M. pusilla was collected in the 390 temperate English Channel, while M. commoda was isolated from the tropical Atlantic 391 treatments suggested that this pathway may be involved in the metabolic response to P-410 deficiency. Indeed, nearly all of the genes involved in the end of glycolysis and in the 411 TCA cycle were up-regulated in M. pusilla and contained the conserved motif that may 412 function as a regulatory element where the Psr1-like TF could bind. We propose that 413 carbon flow through the TCA cycle may increase as a means to fuel TAG or starch 414 production and to pull potentially damaging energy away from the photosystems (60, 61). 415
Further work is needed to test this hypothesis and to explore the physiological 416 implications for Micromonas spp. in situ. In contrast, only a few genes involved in the 417 TCA cycle were up-regulated in M. commoda, including genes involved in malate and 418 oxaloacetate (OAA) metabolism and a gene for pyruvate carboxylase (PC) which 419 converts pyruvate to oxaloacetate. The expression of these TCA-cycle genes may reflect 420 an increase in the malate-aspartate shuttle, a redox reaction that drives the production of 421 NAD + from NADH in the mitochondrial membrane. In M. commoda, it is possible that 422 PC-based conversion of pyruvate to OAA combined with an increase in the malate-423 aspartate shuttle function as a stress response that allows continued glycolysis and ATP 424 production via oxidative phosphorylation (62, 63). In this scenario, carbon flow into the 425 TCA cycle would be limited and the genes controlling malate, aspartate, oxaloacetate and 426 pyruvate would be co-regulated. This hypothesis is supported by the observation of a 427 conserved motif that may function as a regulatory element in the relevant genes and by 428 preliminary gene expression analysis of one of the TCA cycle genes that was up-429 regulated in both M. pusilla and M. commoda transcriptomes under P-deficiency, the 430 fumarase gene. If fumarase expression is regulated by the Psr1-like protein, expression of 431 these two genes (fumarase and psr1) should be correlated in field populations. We 432 observed support for this hypothesis within the Tara Oceans dataset, although we observe 433 weaker relationships between Psr1-like gene expression and other genes that were up-434 regulated in either M. pusilla or M. commoda only (Discussion S3). 435
We observed shifts for several purine nucleosides between treatments for M. 436 pusilla and detected the conserved motif in the genes for a nucleoside phosphatase and 437 aspartate transcarbamylase. These results suggest increased nucleotide salvage through 438 purine nucleotides and nucleosides, a mechanism described in M. commoda (53) and in 439 other phytoplankton (13, 64). Interestingly, while a 5'-nucleotidase was observed to be 440 The potential impact of Psr1-regulated genes on the ecological roles of 454
Micromonas spp. is unknown, but our results suggest that the Psr1-like protein 455 coordinates a metabolic shift in these organisms under P-deficiency, altering the 456 intracellular flow of carbon and other elements. More comprehensive examination of 457 these metabolic responses, which likely vary to some extent among these organisms, will 458 be paramount to improving models of trophic carbon flow. More experiments are needed 459 to characterize the structure and role of the psr1-like gene in Micromonas spp. and other 460 phytoplankton, including: (1) confirming the presence of the psr1-like gene with genetic 461 experiments, (2) determining whether the Psr1-like protein is more abundant under P-462 deficiency, (3) identifying the taxon-specific genes affected by the Psr1-like protein, (4) 463 verifying the interaction of the Psr1-like protein with the hypothesized binding sites, and 464 (5) comparing the genetic and metabolic responses to P-deficiency between organisms 465 containing the psr1-like and those that do not. Exploring the underlying biology of the 466 psr1 gene will facilitate mechanistic understanding of the complex metabolic response of 467 these organisms to P-limitation and will enhance our ecological and biogeochemical 468 Tables Table 1. Enzymes that contain a significant motif in the gene sequences of M. pusilla CCMP1545 (MBARI_models (ver 1)). 
